Contemporary paradigm of vascular hemodynamics considers normal blood flow to be pulsatile laminar flow. Transition to turbulence can cause diseases such as atherosclerosis or brain aneurysms. Recently, we demonstrated the existence of turbulence in experimental models of brain aneurysm; in the aneurysm sac as well as in the main artery. Thus, we were intrigued to explore if such a long-standing assumption of the laminarity of blood flow could be challenged. We have used methods and tools from chaos theory, hydrodynamic stability theory and turbulence physics to explore the existence of turbulence in normal vascular blood flow. We used Womersley's exact solution of the Navier-Stokes equation with the HaeMed© database of physiologic blood flow measurements, to offer reproducible evidence for our findings, as well as evidence from Doppler ultrasound measurements from healthy volunteers. The tools we used to investigate the properties of blood turbulence are well established in the fields of chaos theory, hydrodynamic stability and turbulence dynamics. We show, evidently, that blood flow is inherently chaotic and turbulent and not laminar. We propose a paradigm shift in the theory of vascular hemodynamics which requires rethinking the hemodynamic-biologic links governing physiologic and pathologic processes.
INTRODUCTION
The pioneering work of J.R. Womersley 1 and his coworkers 2,3 essentially laid the foundation of modern hemodynamics research. By developing a time-dependent one-dimensional exact solution of the Navier-Stokes equation, Womersley showed that blood flow in main arteries can be described by a Fourier decomposition of the cardiac harmonics 3, 4 . This work has been later extended to account for wall elasticity 5, 6 and non-Newtonian blood viscosity 7 . The Womersley flow model (WFM) became the founding principle upon which modern blood hemodynamics studies are based. Researchers have assumed, based on WFM, that the blood flow is essentially pulsatile laminar, and transition to turbulence (or presence of disturbed flow, which is a poorly defined hemodynamic term often used in medical hemodynamics research)
shifts the blood hemodynamics leading to the initiation of vascular diseases such as brain aneurysms or atherosclerosis 8, 9 . This disease association is due to the mechano-sensing properties of endothelial cells that make them especially responsive to various flow properties 10 . Therefore, the accurate identification of blood hemodynamics is an essential step in characterizing flow regimes that would govern processes in physiology and pathology 9 . We have previously shown how inaccurate assumptions regarding blood viscosity and the nature of wall shear stress (WSS) have impacted cerebral hemodynamics research, leading to widely varying and inaccurate results 9 . Moreover, we recently discovered the occurrence of non-Kolmogorov turbulence and inverse energy cascade 11 in brain aneurysm idealized model under physiologic flow using laser particle imaging velocimetry (PIV) 12 . Interestingly, in the same work we discovered that the flow in the parent artery itself was also turbulent, but not exhibiting this inverse energy cascade phenomena 12 . This prompted us to evaluate the nature of turbulence in actual blood hemodynamics, and whether the assumptions made regarding the WFM are actually correct. It is noteworthy to mention that transition to turbulence was detected in intracranial aneurysm using experimental 13 and computational [14] [15] [16] [17] [18] techniques.
In the present work, we tested WFM for three properties of turbulence: sensitive dependence on initial conditions (SDIC), hydrodynamic stability and kinetic energy cascade.
To offer the maximum possible reproducibility evidence for our work, we relied on openaccess HaeMed® database for obtaining the normal WFM of the carotid artery in healthy human subjects. The same tools can be easily used to demonstrate resemblance with other arteries. In this work, we report comparative results from Womersley exact solution and DUS measurements in the carotid artery, and in the supplementary materials we show exact solution results in thoracic aorta, aorta and iliac arteries to complement our hypothesis. First, the WFM is tested for chaos using Lyapunov exponent test. Then, the hydrodynamic stability theory is adapted to test the susceptibility of WFM to space-time hydrodynamic instability. Thirdly, we show that WFM intrinsically exhibits non-Kolmogorov kinetic energy cascade. Moreover, we performed carotid Doppler ultrasound measurements (DU) on healthy volunteers (authors of this study) and performed the same analysis to further confirm our findings. We here demonstrate that the physiologic blood flow is inherently turbulent and not laminar based on the WFM itself.
MATERIALS AND METHODS
For the sake of reproducibility, we have worked with very simple tools including a well- describes the details of these methods to provide the essential steps to reproduce our results.
 Exact Solution of the Womersley Equation
The Womersley equation that defines the velocity profile of any physiological flow in arteries can be written as:
where is the oscillating pressure gradient, is the artery radius, is the viscosity of blood, Ω = √ is the Womersley number, 0 is the Bessel function of zero order and first kind, Λ = Ω ( −1
√2
) is the complex frequency parameter, and ( ) = Λ is the complex variable.
The derivation of equation (1) from Navier-Stokes equation can be found in the original paper by Womersley 4 or and in more instructive details in 19 . The exact solution of equation (1) 
 Evaluation of global hydrodynamic stability in pulsatile flow
The onset of transition in physiological flow requires hydrodynamic instability to commence. Such instability is caused by a sustained disturbance in the flow field, where its energy is expressed as: In order for the flow to become globally instable, the time rate of change of must be positive, hence the disturbance can possibly prevail over the viscous resistance of the fluid.
The Reynolds-Orr equation 22 for disturbance energy reads:
where t is time, ij S and ij s are the strain rates of basic and altered (i.e. disturbed) flows, respectively, is the Reynolds number and V is the flow volume bounded by a wall  . The first term on the right-hand side (RHS) of (2) describes the exchange of energy with the basic flow, while the second term describes the energy dissipation due to viscosity. If the former is higher than the latter (i.e. the disturbance energy does not decay with time), the flow will be globally instable. Thus, the criteria for global stability can be written in terms of critical Reynolds number as:
In equation (4), the critical Reynolds number , defines the global and monotonic stability criterion for viscous fluid flow subjected to a disturbance of the velocity ) , ( t  x  u .
Hence, if > , the flow becomes monotonically instable, in other words the disturbance will not decay for   t and transition will take place. Hence, asymptotic instability occurs when lim ≠ 0 where is the index of harmonic in the Womersley velocity waveform described in equation (2). This condition has been evaluated in space and frequency domain using equation (2) and the trapezoidal method for numerical differentiation. Following Thomas 23,24 and Hopf 25 , Serrin 26 proved that in order to have monotonic instability in any viscous flow, the disturbance energy must satisfy the following condition:
where is the initial disturbance kinetic energy, is the velocity of the basic flow during a one cycle of the pulsatile flow. Serrin's second theorem proved that , = 32.6 for viscous incompressible wall bounded flows. Reynolds number in main arteries is larger than the latter value. Hence, blood flow, by definition, is monotonically instable.
 Calculating Energy Cascade in Frequency Domain
The local kinetic energy in frequency domain was calculated as 27 
where is the frequency, ℱ is the fast Fourier transform and L the length of ̃ matrix. It was not possible to use Taylor's hypothesis to calculate the kinetic energy in wavenumber domain since ̃> 1. figure 1 shows the waveform profile to show that the conditions for using Taylor's hypothesis do not apply. 
RESULTS
Herein, we present the data obtained from carotid artery analysis. Results from the exact solution of two more vessels are presented in the online supplementary data along with additional results explanation. We hypothesize that the intrinsic multiharmonic flow waveforms are the properties driving blood flow towards chaotic turbulent state. As much as it is important to characterize the differences between vessels in such regard, the authors believe that it could be cumbersome to conduct such characterization in this article. We invite the community to reproduce the following results using other sets of data for different arteries to further investigate blood turbulence.
 Vascular Blood Flow is Chaotic
First, we borrowed tools from the chaos theory to test for the SDIC 21 , and to demonstrate that blood flow, expressed by both exact solution and in vivo measurements, is not periodic.
We have obtained Lyapunov exponents, as a test of SDIC associated with turbulence 28 
 Vascular Blood Flow is Globally Unstable
The theory of hydrodynamic stability has been developed to evaluate the stability of steady flow under finite space-time perturbation 30, 31 . Some works have evaluated the stability of monoharmonic (i.e. sinusoidal) flow [32] [33] [34] [35] [36] . However, there are no universal criteria that can generally describe the stability of multiharmonic pulsatile flow. We have extended the available criteria, as explained in supplementary materials, to evaluate Womersley flow. In Womersley flow, the velocity field is given as:
where is the total number of harmonics in a specific waveform. Here, we propose that a given 
 Normal Vascular Blood Flow Exhibits Kinetic Energy Cascade
One of the most profound properties of turbulence is the cascade of kinetic energy. Kinetic energy is transferred from larger to smaller vortex structures and ends up irreversibly dissipating to the surrounding media in the form of heat. Figure 5 shows kinetic energy cascade in carotid blood flow as depicted from exact solution and in vivo DU measurements. It can be seen that the rate of such cascade does not match any of the Kolmogorov scales reported in literature. Turbulence, in such case, is of non-Kolmogorov regime. Such uncharacteristic turbulence regime has been previously observed atmospheric turbulence 37, 38 , however, it is the first time to be reported in the human circulatory system. Until the present moment, the main mechanism linking hemodynamics to biological and pathological processes in arteries is the wall shear stress 8 . The existence of kinetic energy cascade in blood flow should develop this mechanism to include other mechanical and kinetic factors that could contribute to mechanosensory and mechanotransduction of endothelial cells. Turbulent flow has four characteristics that keeps it as the last standing mystery in classical mechanics 47 . These properties are chaos, instability, rotationality and kinetic energy cascade 48 . Turbulent flow is sensitive to initial conditions, which make it subjected to the properties of chaos theory 49 In conclusion, we propose a paradigm shift for vascular hemodynamics. That is, the blood flow is inherently turbulent and not laminar, and changes in turbulence kinetic energy or other properties of turbulence could be the driving factors behind the hemodynamics-biology links. This paradigm shift must motivate us to update our thinking regarding hemodynamic drivers of endothelial and vascular processes, given the inherent complexities and chaos associated with turbulence. Moreover, more hemodynamic research, with accurate and rigorous methodologies, should aim at further characterizing the interesting features of turbulent blood flow in physiology and pathology. 
Comments on the Lyapunov exponents of blood flow waveforms

Comments on the hydrodynamic stability of Womersley equation
In fluid mechanics, it is generally believed that hydrodynamic instability is always associated with turbulence 8 . However, most of the work done to understand the correlation between the two phenomena in pipe flow was mostly limited to steady flows subjected to finite perturbations in space and time 9 . The stability of pulsatile flows have been studied in some works [10] [11] [12] [13] , however, there is no consensual methodology among fluid dynamicists for investigating their stability. Therefore, to study the global instability of blood flow both from Womersley equation and in vivo measurements, we had to adopt the main principles of the hydrodynamic stability theory and develop intuitive representation of its criteria for global instability. The concept underlying this approach is fairly simple. Serrin 14 argued that for a viscous flow to be considered stable "the energy of any disturbance tends to zero as increases". Hence, we assumed that each harmonic component of the flow waveform ( ) could be viewed as a space-time perturbation to its predecessor in in frequency domain( − 1). In 
Comments on the kinetic energy cascade of Womersley exact solution
The cascade of kinetic energy is a characteristic feature of turbulent flows and it contributes to the very definition of turbulence 15, 16 . Steady, periodic and quasi-periodic laminar flows tend to conserve their kinetic energy due to the absence of the vortex formation and breakup phenomena. The classical Kolmogorov-Obukhov theory of turbulence describes homogenous isotropic turbulence in which energy cascade is subjected to scaling laws. This is not the case in hand. Supplementary figures 4 and 5 show the kinetic energy cascade, in frequency domain, for four arteries at two different radial locations based on the Womersley exact solution.
It is clear from both figures that the scaling power of kinetic energy cascade is affected by spatial location (i.e. radial distance from the wall). Also, it is clear that the values of scale power is far from the values commonly accepted in the classical theory of turbulence 17, 18 . This suggests that the turbulence observed here is non-Kolmogorov turbulence. Our group has recently shown in vitro that blood flow in ideal cerebral aneurysm model undergoes non-Kolmogorov turbulence 19 Here we show that it exists both in doctrina and in vivo. 
